Saturated aza-heterocycles are highly privileged building blocks that are commonly encountered in bioactive compounds and approved therapeutic agents. These N-heterocycles are also incorporated as chiral auxiliaries and ligands in asymmetric synthesis. As such, development of methods to functionalize the α-methylene C-H bonds of these systems enantioselectively is of great importance, especially in drug discovery. Currently, enantioselective lithiation with (-)-sparteine followed by Pd(0) catalyzed cross coupling to prepare α-arylated amines is largely limited to pyrrolidines. Here we report a Pd(II)-catalyzed enantioselective α-C-H coupling of a wide range of amines, including ethyl amines, azetidines, pyrrolidines, piperidines, azepanes, indolines, and tetrahydroisoquinolines. Chiral phosphoric acids are demonstrated as effective anionic ligands for the enantioselective coupling of methylene C-H bonds with aryl boronic acids. This catalytic reaction not only affords high enantioselectivities, but also provides exclusive regioselectivity in the presence of two methylene groups in different steric environments.
towards asymmetric synthesis of α-aryl piperidines 7 . In an interesting development, Fu and coworkers found that a combination of racemic α-lithiation with a Ni-catalyzed enantioconvergent alkyl cross coupling with alkyl halides gave access to chiral α-alkyl pyrrolidines 8 . Though significant progress in employing stoichiometric metallation at the α-position of amines to access enantioenriched α-arylated products has been made in the past decade, asymmetric arylation through these approaches is still limited to pyrrolidines and piperidines [3] [4] [5] [6] [7] [8] [9] .
Recently, we developed a Pd(II)-catalyzed coupling of the α-methylene C-H bonds of pyrrolidines, piperidines and azepanes with aryl boronic acids using a thioamide directing group derived from pivalic acid 10 . The importance of chiral aza-heterocycles prompted us to develop a methodology that could provide non-racemic products with the potential to extend this approach to a broad range of amines. While Pd-catalyzed enantioselective functionalizations of C(sp 3 )-H bonds via desymmetrization of two different carbon centers have recently gained momentum [11] [12] [13] [14] [15] [16] , enantioselective α-arylation of aza-heterocycles would require the differentiation of methylene C-H bonds on the same carbon center. We began our investigations by extensively screening previously developed chiral monoprotected amino acid (MPAA) ligands 11, 12 in presence of Pd(OTFA) 2 as the palladium source, but did not obtain any desired arylation products. This result is consistent with our previous unsuccessful attempts to utilize MPAA ligands to achieve enantioselective activation of methylene C-H bonds despite success of these ligands with desymmetrization of cyclobutyl C-H bonds at two different carbon centers. 11 The superior reactivity of Pd(OTFA) 2 compared to a lack of reactivity with Pd(OAc) 2 or Pd(II)/MPAA indicates the significance of anionic ligands in this reaction. Thus, we directed our attention towards chiral anionic phosphates as ligands. Since the seminal work by Akiyama 17 and Terada 18 , phosphoric acids (PA) derived from a 3,3'-biaryl-substituted binapthol core have found a wide variety of applications in asymmetric transformations as Lewis and Brønsted acid catalysts 19 . The combination of chiral phosphoric acids with transition metal catalysis has also been explored [19] [20] [21] [22] [23] [24] . The concept of merging gold catalysis with chiral phosphates as counterions was established by Toste in an asymmetric hydroalkoxylation reaction of double bonds 20 . List demonstrated the use of palladium with chiral phosphate anion in Tsuji-Trost allylation and Overman rearrangement reactions to obtain products in a highly enantioselective manner 21, 22 . Rainey and Gong have achieved enantioselective allylic C-H functionalizations via the formation of π-allylic complexes bound to chiral phosphoric acids 23, 24 . However, Pd-catalyzed asymmetric insertion into prochiral C-H bonds using chiral phosphoric acids as anionic ligands has been met with limited success. In particular, prochiral sp 2 C-H bonds (60:40 er) or benzylic C-H bonds (83:17 er) were effectively arylated when pyridine or a bidentate amide-quinoline are employed as directing groups 25, 26 . In light of the significance of developing a catalytic, enantioselective method for functionalizing saturated aza-heterocycles, we set out to test whether chiral phosphoric acid ligands can influence the stereoselectivity of metal insertion into prochiral methylene C-H bonds in a cross-coupling reaction via Pd(II)/Pd(0) catalytic cycle.
Preliminary attempts to achieve enantioinduction for α-C-H arylation of pyrrolidine commenced with an evaluation of a number of readily available chiral phosphoric acid ligands under our previously developed conditions for thioamide-directed α-arylation. 10 These initial trials did not yield any rate enhancement or enantiocontrol, presumably due to the background reaction catalyzed by Pd(OTFA) 2 . We then turned to {PdCl(η 3 -C 3 H 5 )} 2 , as it is known to form a [Pd(allyl)-PA] complex 27 which we hypothesized would enable higher reactivity than palladium allyl chloride, thus minimizing the contribution of the background reaction. After replacement of the Pd source, we found that, under these conditions, the thioamide-directed C-H coupling with aryl boronic acid via a Pd(II)/Pd(0) catalytic manifold is enabled by chiral phosphoric acid PA1 to give the desired product in 36% yield with noticeable enantioselectivity (55:45 er) (see Table 1 in the Supplementary Information).
To improve the enantioselectivity, we proceeded to modify the directing group in an attempt to fine tune the steric environment of the substrate. It is important to note that a thioamide directing group is essential for this transformation to proceed, as the corresponding amides show no reactivity. Presumably both the electronic property and the size of sulfur atom are crucial for the formation of the highly strained fused ring system in the C-H activation step. A bulky triisopropylbenzothioamide on the pyrrolidine served to be the most suitable in terms of reactivity and enantiocontrol. This directing group can be easily installed in a single step by adding the amine to 2,4,6-triisopropylbenzothioyl chloride (see Supplementary Information for preparation). With this directing group on the substrate, BINOL phosphoric acids with various substitutions on 3,3'-positions were evaluated (Table 1) . This study established PA2 as the most effective chiral ligand, affording the product in 52% yield and an encouraging 83:17 er. Interestingly, (R)-PA1 gave opposite isomer as the major product when compared to (R)-PA2 and (R)-PA3. Next, we decided to further investigate the role of the palladium source in an attempt to further increase the enantioselectivity (Table 1 , entries 4-10). A significant effect on the reactivity and enantioselectivity was observed using different palladium sources with Pd 2 (dba) 3 being the most efficient, giving the arylated pyrrolidine in 87% yield with 98:2 er. We currently hypothesize that the improvement in the er is due to the absence of an achiral anion in the system, as any Pd(II)X 2 (X = Cl − or CF 3 CO 2 − ) species may still provide some background reaction, thereby diminishing the er.
The opposite isomer of the product (Table 2 , 2a′) could be obtained with similar enantioselectivity when the (S)-isomer of PA2 was used. The need for the use of two equivalents of PhB(OH) 2 is due to the observed homocoupling, which leads to biaryl formation.
With the optimized protocol developed, we attempted to generate enantioenriched α-aryl piperidines 9,28,29 , which have thus far proven to be much more challenging substrates for α-lithiation when compared to pyrrolidine substrates 9, 29 . Under the standard reaction conditions, the piperidine substrate gave only 24% conversion with 93:7 er. Increasing the equivalents of 1,4-benzoquinone (from one to five) and increasing the temperature (from 65 °C to 85 °C) improved the conversion to 70% with a slight loss in enantioselectivity (92:8 er). Finally, increasing the reaction concentration from 0.05 M to 0.2 M enabled the formation of the arylated products with 95.5:4.5 er (Table 2, 2b) . Encouraged by the success of this methodology with pyrrolidine and piperidine substrates, we explored the potential of this catalytic system for the enantioselective arylation of other classes of amines. Arylation of the seven-membered ring (azepane) gave arylated product 2c in 54% yield and 98.5:1.5 er. Lithiation of azetidine and subsequent trapping with various electrophiles has been reported earlier with good enantioselectivity for methylation (91:9 er) 30, 31 . However, C-H arylation of azetidine has not been demonstrated with either α-lithiation or our previous C-H activation protocol 10 . Importantly, the methodology disclosed herein allowed the first enantioselective synthesis of α-aryl azetidine starting from the parent azetidine derivative allowing for the synthesis of desired product 2d mono in excellent enantioselectivity (98:2 er). It was interesting to note that 1d also formed the transdiarylated product 2d di with high enantio-and diastereocontrol (>20:1). Reaction with substituted pyrrolidines also proceeded smoothly, with C-H activation occurring exclusively on the carbon that was more distant from the substituents on the ring (2e). Submission of indoline as the substrate gave highly enantioenriched (98:2 er) arylated product 2f in 86% yield by selectively coupling at C-2 position. It is surprising that the sp 2 C-H bond at the C-7 position remains intact. While tetrahydroquinoline gave low yield (20%), tetrahydroisoqinoline is arylated exclusively at the C-3 position in good yield and excellent enantioselectivity (2g). It is worth noting that under lithiation conditions, the functionalization will occur at the more acidic C-1 position 32 . Considering the broad utility of acyclic chiral amines in organic synthesis, we attempted asymmetric C-H arylation of N,N-diethyl-and N,N-ethylbutyl-amines. Both reactions proceeded to give synthetically useful yields and excellent enantioselectivity. Intriguingly, C-H arylation of 1i occurred regioselectively at the methylene C-H bond of the ethyl group, demonstrating the ability of this catalyst to distinguish C-H bonds in different steric environments.
The scope of aryl coupling partners was also examined. Electron rich and electron withdrawing substituents at the ortho-, meta-, and para-position of the aryl ring were welltolerated under the reaction conditions. Halogens on the aryl ring (-F, -Cl, -Br) were compatible under the reaction conditions (3e-3h, 3j), which could be of use in medicinal chemistry efforts where derivatization of the halogen may provide enantioenriched analogs. A variety of chemical functionalities on the aryl group were also compatible including a trifluoromethyl (3i), free aldehyde (3k), ketone (3l), ester (3m) and an ether (3o) functional group. Interestingly, the reaction worked efficiently even in the presence of a nitrile group on the coupling partner (3n), albeit with lower enantioselectivity (87.5:12.5 er). The significant erosion of enantioselectivity could be due to the undesired coordination of the nitrile with the Pd(II) catalyst. We were also able to carry out methylation in 47% yield with 87.5:12.5 er (3q), indicating the potential of this approach to provide a general method for the enantioselective alkylation of saturated N-heterocycles. The origin for the reduction of enantioselectivity in this alkylation reaction remains to be elucidated. However, pyridinylboronic acids as coupling partners showed no product formation under the reaction conditions. A few coupling partners were also tested on the piperidine substrate to obtain enantioenriched products 4a-4d in good yields and enantioselectivity. Next, we demonstrated the removal of the directing group by reduction of 2a in presence of NiCl 2 / NaBH 4 , followed by N-debenzylation with boron trichloride with complete preservation of the enantiomeric ratio ( Figure 2 ). While finding milder conditions for removing the directing group is possible, we are currently engaged in the development of simpler amide directing groups for this enantioselective reaction instead. Meanwhile, we have also demonstrated the synthesis of 2a and 3b′ on the gram scale. Compound 3b′ was deprotected to furnish the free amine, which can be easily converted to CERC 501 (Figure 1 , a) in one step 33 (see page 44 in the Supplementary Information). Overall this development fills a major methodology gap by providing a uniform approach to the enantioselective C-H arylation of a wide range of saturated aza-heterocycles and alkyl amines. The efficiency of chiral anionic ligands in promoting Pd-catalyzed enantioselective activation of prochiral methylene C-H bonds on the same carbon is also fully demonstrated.
Methods

General procedure for the enantioselective arylation
To a reaction vial with a magnetic stir bar was added thioamide substrate (0.2 mmol), potassium bicarbonate (40 mg, 0.4 mmol,), arylboronic acid (0.4 mmol, unless otherwise noted), 1,4-benzoquinone (23.8 mg, 0.2 mmol, unless otherwise noted), PA2 (16.8 mg, 0.024 mmol), Pd 2 (dba) 3 (9.15 mg, 0.01 mmol). The reaction tube was then connected to vacuum and backfilled with nitrogen three times. Then 1 ml of anhydrous 2-methyl-2-butanol was added and the mixture was stirred rapidly at 65 °C for 16 hours. The reaction was then cooled to room temperature and the mixture was passed through a pad of celite.
After the celite was washed with ethyl acetate, the combined organic layers were concentrated under vacuum. The crude residue was purified by preparative TLC with ethyl acetate and hexanes (1:20) as solvent to obtain the pure product. Full experimental details and characterization of compounds can be found in the Supplementary Information.
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Refer to Web version on PubMed Central for supplementary material. Table 2 Scope of amines for palladium-catalyzed asymmetric α-C(sp 3 )-H coupling.
The values under each structure indicate isolated yields. Enantiomeric ratios (er) were determined by chiral high-performance liquid chromatography. 2a′ was obtained with (S)-PA2. Compound 2b was obtained using five equivalents of 1,4-BQ, three equivalents of phenyl boronic acid at 85 °C. Compounds 2c, 2h and 2i were obtained using two equivalents of 1,4-BQ. Table 3 Coupling partner scope with pyrrolidine and piperidine substrates.
The values under each structure indicate isolated yields. Enantiomeric ratios (er) were determined by chiral high-performance liquid chromatography. Compounds 3e-3i, 3k-n were obtained using two equivalents of 1,4-BQ. Compound 3q was obtained by using Na 2 CO 3 as the base, twelve equivalents of methylboronic acid, at 80 °C. Compounds 4a-4d were obtained using five equivalents of 1,4-BQ, three equivalents of aryl boronic acid at 85 °C.
